Protein degradation by the ubiquitin-proteasome pathway plays important roles in synaptic plasticity, but the molecular mechanisms by which proteolysis regulates synaptic strength are not well understood. We investigated the role of the proteasome in hippocampal late-phase long-term potentiation (L-LTP), a model for enduring synaptic plasticity. We show here that inhibition of the proteasome enhances the induction of L-LTP, but inhibits its maintenance. Proteasome inhibitor-mediated enhancement of the early part of L-LTP requires activation of NMDA receptors and the cAMP-dependent protein kinase. Augmentation of L-LTP induction by proteasome inhibition is blocked by a protein synthesis inhibitor anisomycin and is sensitive to the drug rapamycin. Our findings indicate that proteasome inhibition increases the induction of L-LTP by stabilizing locally translated proteins in dendrites. In addition, our data show that inhibition of the proteasome blocks transcription of brain-derived neurotrophic factor (BDNF), which is a cAMP-responsive element-binding protein (CREB)-inducible gene. Furthermore, our results demonstrate that the proteasome inhibitors block degradation of ATF4, a CREB repressor. Thus, proteasome inhibition appears to hinder CREB-mediated transcription. Our results indicate that blockade of proteasome activity obstructs the maintenance of L-LTP by interfering with transcription as well as translation required to sustain L-LTP. Thus, proteasome-mediated proteolysis has different roles during the induction and the maintenance of L-LTP.
Several decades of investigation on synaptic plasticity underlying learning and memory have unearthed significant roles for posttranslational modifications such as phosphorylation in shortterm plasticity and for gene expression in causing long-lasting changes in synaptic strength (O'Dell et al. 1991; Kandel 2001; Deisseroth et al. 2003; Davis 2005; Mansuy and Shenolikar 2006) . In recent years, a role for proteolysis by the ubiquitinproteasome pathway in synaptic plasticity has been discovered (Hegde and DiAntonio 2002; Murphey and Godenschwege 2002; Hegde 2004) . In this pathway, proteins to be degraded are marked by covalent linkage to a small protein called ubiquitin for degradation by a proteolytic complex, the proteasome.
Previous studies on long-term facilitation in Aplysia, which underlies a simple form of long-term memory, revealed a role for ubiquitin-proteasome-mediated degradation of the inhibitory regulatory subunit of cAMP-dependent protein kinase (PKA) (Hegde et al. 1993) . Moreover, an enzyme of the ubiquitinproteasome pathway called ubiquitin C-terminal hydrolase (Apuch), which interacts with the proteasome, was found to be induced by serotonin (5-HT), the neurotransmitter that induces long-term facilitation. Ap-uch was found to be critical for induction of long-term facilitation (Hegde et al. 1997) . Degradation of regulatory subunit of PKA suggested that the role of proteolysis is to remove inhibitory constraints on long-term synaptic plasticity (Hegde et al. 1997; Chain et al. 1999) . This idea has also been strengthened by our investigation showing degradation of a CREB repressor during long-term facilitation in Aplysia (Upadhya et al. 2004 ). Other recent work, however, has provided evidence to the contrary, supporting the notion that the ubiquitinproteasome pathway imposes an inhibitory check on long-term synaptic plasticity (Zhao et al. 2003) . It is quite likely that the role of the ubiquitin-proteasome pathway in synaptic plasticity is more complex than what was suggested by the previous studies. To address the roles of proteolysis in long-term synaptic plasticity, we have developed a hypothesis that the ubiquitinproteasome pathway is locally regulated in neurons and that the pathway plays different roles in different neuronal compartments (Hegde 2004) . In support of this idea, we have found that proteasome activity in the synaptic terminal differs from that in the nucleus in the Aplysia nervous system and in the mouse brain. Also, proteasome activity is differentially regulated in the two compartments (Upadhya et al. 2006) .
In this study, using late-phase long-term potentiation (L-LTP) as a model system, we have tested the effects of proteasome inhibition on long-term synaptic plasticity using electrophysiological as well as molecular studies. Our studies revealed that proteasome inhibition enhances the induction, but impairs the maintenance of L-LTP. proteasome activity as judged by accumulation of ubiquitinated proteins and by direct measurement of catalytic activity . Pretreatment with ␤-lactone did not affect basal synaptic transmission (Fig. 1E,F) . Henceforth, we refer to this early part of L-LTP as Ep-L-LTP for the sake of convenience and to distinguish it from the protein synthesis-independent early LTP called E-LTP that lasts for a short duration (Kelleher et al. 2004a) .
We noticed that although L-LTP is initially increased, it decayed to baseline between 2 and 3 h after induction of LTP (at 3 h: ␤-lactone: 105 ‫ע‬ 3%; epoxomycin: 107 ‫ע‬ 2%; control: 143 ‫ע‬ 3%; P < 0.05). We ascertained that the L-LTP decay was not due to deterioration of the slice. If the slice was in good condition, we would be able to induce E-LTP. We found that, indeed, we were able to induce E-LTP after L-LTP had decayed back to baseline (Fig. 1G ).
Next, we tested the effect of ␤-lactone on E-LTP to determine whether proteasome inhibitors enhance short-term plasticity. We found that ␤-lactone increased E-LTP as well (at 30 min: control: 122% ‫ע‬ 11%, n = 5; ␤-lactone: 179 ‫ע‬ 14%; n = 6; P < 0.01) (Fig. 1H) .
To obtain additional evidence for the effect of proteasome inhibition on L-LTP, we systematically tested the effect of different concentrations of ␤-lactone. Since the effective concentration of ␤-lactone against proteasome activity is in the micromolar range (Fenteany et al. 1995) , we examined the effects of 1, 10, and 25 µM ␤-lactone. We also chose a theoretically noneffective concentration in the nanomolar range (10 nM). Pretreatment with ␤-lactone significantly increased Ep-L-LTP with 10 µM (P < 0.05) and 25 µM (P < 0.01) but not with 1 µM (P = 0.715) or 10 nM (P = 0.104) (at 30 min, ␤-lactone at 25 µM: 243 ‫ע‬ 17%; 10 µM: 216 ‫ע‬ 16%; 1 µM: 191 ‫ע‬ 5%; 10 nM: 172 ‫ע‬ 9%; n = 6; control: 169 ‫ע‬ 10%; n = 7). We found that ␤-lactone significantly decreased the later part of L-LTP with 25 µM (P < 0.001), 10 µM (P < 0.01), but not with 1 µM (P = 0.208) or 10 nM (P = 0.751) ( Fig. 2A) .
To test whether the effect of proteasome inhibition on L-LTP is independent of the way in which LTP is measured, we carried out whole-cell recordings on hippocampal pyramidal neurons with or without prior ␤-lactone treatment. EPSC amplitude was enhanced after LTP induction and decreased by 2 h (at 30 min: ␤-lactone: 220 ‫ע‬ 9%; control: 179 ‫ע‬ 6%; P < 0.001; n = 6; at 2 h: ␤-lactone: 120 ‫ע‬ 8%; control: 163 ‫ע‬ 8%; P < 0.001; n = 6) ( Fig.  2B ). Next, we tested the effect of proteasome inhibition on L-LTP using a different protocol of LTP induction, the theta-burst protocol (TBP) which is thought to mimic the theta wave, the rhythm of hippocampal neurons in awake, behaving animals (Bland 1986) . TBP has been shown to induce L-LTP . We observed significant increase in Ep-L-LTP and a decrease in the late part of L-LTP with TBP (at 30 min, ␤-lactone: 226 ‫ע‬ 10%; control: 185 ‫ע‬ 10%; P < 0.001; at 3 h, ␤-lactone: 104 ‫ע‬ 4%; control: 161 ‫ע‬ 4%; P < 0.001; n = 6) ( Fig.  2C ).
Ep-L-LTP requires NMDA receptors and cAMP-dependent protein kinase (PKA) L-LTP has been shown to require NMDA receptor (Barco et al. 2002; . If enhancement of Ep-L-LTP is due to the effect of proteasome inhibition on specific processes underlying L-LTP, ␤-lactone-mediated increase in Ep-L-LTP should be NMDA receptor dependent. Indeed, NMDA receptor antagonist AP5 (100 µM), abolished the effect of ␤-lactone on Ep-L-LTP (␤-lactone: 231 ‫ע‬ 17%; ␤-lactone + DL-AP5: 115 ‫ע‬ 10%; P < 0.001; n = 6) ( Fig. 3) .
Previous studies have shown that L-LTP depends on PKA (Frey et al. 1993; Abel et al. 1997; Bozdagi et al. 2000; Nguyen and Woo 2003) . We tested whether the enhancement of Ep-L-LTP by ␤-lactone requires PKA. We observed that in the presence of PKA inhibitor KT5720, ␤-lactone-mediated increase in Ep-L-LTP was greatly reduced (␤-lactone + KT5720: 134 ‫ע‬ 11%; P < 0.001; n = 5) (Fig. 3) . We also tested another highly specific and potent PKA inhibitor, a peptide corresponding to amino acids 14-22 of PKI (Walsh and Glass 1991) , an endogenous PKA inhibitor. We used PKI 14-22 that has been myristoylated at the N terminus to render it membrane permeant (myristoylated PKI [14] [15] [16] [17] [18] [19] [20] [21] [22] amide; henceforth referred to as myristoylated PKI). Myristoylated PKI has been used to inhibit PKA in many cell types, including neu- We observed significant enhancement of Ep-L-LTP relative to control with 10 µM (P < 0.05) and 25 µM (P < 0.01), but not with 1 µM (P = 0.715) or 10 nM (P = 0.104). At 3 h we observed significant decrease in L-LTP with 25 µM (P < 0.001), 10 µM (P < 0.01), but not with1 µM (P = 0.208) or 10 nM (P = 0.751) ␤-lactone. Error bars from the graph have been removed for the sake of clarity in the illustration. (B) Enhancement in Ep-L-LTP and inhibition of late part of L-LTP with ␤-lactone measured by whole-cell recording of CA1 pyramidal neurons. Mean EPSCs from untreated and ␤-lactone-treated slices after induction of L-LTP. Extent of LTP is significantly (P < 0.001) higher at 30 min in ␤-lactone-treated slices compared with untreated controls. At 2 h, extent of LTP is significantly (P < 0.001) lower in ␤-lactone-treated slices compared with controls. (Inset) Representative EPSCs from neurons from untreated and ␤-lactone-treated slices (1 = baseline; 2 = 30 min; 3 = 120 min). (C) Proteasome inhibition enhances L-LTP induced by theta burst protocol (TBP). L-LTP was induced with or without pretreatment with ␤-lactone using TBP. Significant enhancement of Ep-L-LTP (P < 0.001) and inhibition of maintenance (P < 0.001) part of L-LTP were observed. (Inset) Representative traces taken at different time points (1 = 30 min; 2 = 180 min) for control and treatment with ␤-lactone.
rons (Muniz et al. 1997; Smith et al. 2005) . We found that myristoylated PKI also significantly inhibited ␤-lactone-mediated enhancement of Ep-L-LTP (␤-lactone + myristoylated PKI: 120 ‫ע‬ 8%; P < 0.001; n = 6) (Fig. 3) .
Enhancement of Ep-L-LTP by ␤-lactone depends on protein synthesis
The early part of L-LTP depends on translation of pre-existing mRNAs, whereas the late part L-LTP depends on transcription and translation (Frey et al. 1988 (Frey et al. , 1996 . The time course of Ep-L-LTP appears to correspond to the translation-dependent, early part of L-LTP (Kelleher et al. 2004b) . Therefore, we hypothesized that ␤-lactone enhances Ep-L-LTP by preventing the degradation of proteins synthesized from pre-existing mRNAs during the early phase of L-LTP. Hence, if we inhibited protein synthesis, ␤-lactone's effect should be abrogated or greatly diminished.
To test our hypothesis, we treated the slices with anisomycin (25 µM) for 1 h prior to 30-min incubation with ␤-lactone (25 µM final). Under these conditions, Ep-L-LTP was much lower compared with ␤-lactone alone (anisomycin + ␤-lactone: 145 ‫ע‬ 14%; P < 0.01; n = 6) (Fig. 3) . Thus, enhancement of Ep-L-LTP by ␤-lactone depends on protein synthesis just as L-LTP does. In contrast, our data indicate that the increase in E-LTP does not depend on protein synthesis (see Fig. 1H ). We observed E-LTP to the same extent with ␤-lactone and anisomycin + ␤-lactone (at 30 min; control: 122 ‫ע‬ 11%, ␤-lactone: 179 ‫ע‬ 14%; anisomycin + ␤-lactone: 167 ‫ע‬ 11%; n = 6; at 1 h, control: 111 ‫ע‬ 7%; ␤-lactone: 139 ‫ע‬ 13%; anisomycin + ␤-lactone: 133 ‫ע‬ 8%; n = 6; ␤-lactone compared with control, P < 0.01; anisomycin + ␤-lactone compared with control, P < 0.05; ␤-lactone compared with anisomycin + ␤-lactone, P = 0.700; Posthoc analysis after two-way ANOVA). Thus, the results show that ␤-lactone-mediated augmentation of Ep-L-LTP, but not increase in E-LTP, depends on protein synthesis.
Protein synthesis during the induction part of L-LTP is known to occur through translation of pre-existing mRNAs, a critical portion of which occurs in dendrites (Blitzer et al. 2005) . Translation of dendritic mRNAs occurs through a signaling pathway mediated by a kinase called mammalian target of rapamycin (mTOR) owing to its inhibition by rapamycin (Gingras et al. 2001) . Previous studies have shown that rapamycin inhibits the induction of L-LTP (Tang et al. 2002; Cammalleri et al. 2003) . To test whether the rapamycin-sensitive signaling pathway plays a role in Ep-L-LTP, we preincubated the slices with rapamycin (1 µM) for 1 h and then treated the slices with ␤-lactone (25 µM). We found that pretreatment with rapamycin significantly reduced Ep-L-LTP compared with ␤-lactone treatment alone (rapamycin + ␤-lactone: 145 ‫ע‬ 16%; P < 0.01; n = 6) (Fig. 3) . Thus, ␤-lactone-mediated enhancement of Ep-L-LTP is dependent on translation of pre-existing mRNAs part of which may occur in dendrites.
Proteasome inhibition increases Ep-L-LTP in isolated dendrites
We hypothesized that enhancement of Ep-L-LTP by ␤-lactone occurs through stabilization of locally translated proteins in dendrites. To test this idea directly, we carried out experiments with dendrites separated from the cell bodies of pyramidal neurons. We isolated the dendrites in the CA1 region by means of a surgical cut as shown in Figure 4A . We ascertained the efficacy of the incisions by the absence of population spikes in the cell body layer (above the cut) when the stratum radiatum (below the cut) was stimulated. Also, fEPSPs were absent in the stratum radiatum (below the cut) when basilar dendrites of the CA1 pyramidal neurons (in the layer stratum oriens) were stimulated (data not shown). Surgical cuts such as these have been shown to be an effective way to physically sever dendrites from cell bodies Also, the protein synthesis dependence of dendritic LTP (Cracco et al. 2005 ) and L-LTP induction in severed dendrites have been demonstrated (Vickers et al. 2005) .
After recovery of the surgically cut slices for 2 h, we induced L-LTP with or without pretreatment with ␤-lactone. We observed the induction of L-LTP in isolated dendrites in untreated cut slices. In the ␤-lactone-treated cut slices, the extent of L-LTP induction was much higher compared with untreated cut slices (cut slices with ␤-lactone: 232 ‫ע‬ 10%; at 30 min after stimulation; 192 ‫ע‬ 11% at 1 h; n = 6; cut slices without ␤-lactone: 170 ‫ע‬ 7% at 30 min after stimulation; 151 ‫ע‬ 7% at 1 h; n = 5; P < 0.05) (Fig. 4B) .
Role of transcription in proteasome inhibitor-mediated effect on L-LTP Our experiments described above suggested a role for protein synthesis in enhancement of Ep-L-LTP. We tested whether this enhancement might be dependent on transcription. We found that increase in Ep-L-LTP was not prevented by transcription inhibitor actinomycin D (25 µM) (at 30 min, actinomycin D + ␤-lactone: 256 ‫ע‬ 16%; ␤-lactone: 268 ‫ע‬ 21%; P = 0.657, n = 6; at 1 h, actinomycin D + ␤-lactone: 226 ‫ע‬ 17%; ␤-lactone: 220 ‫ע‬ 19%; P = 0.816; n = 6) ( Fig. 5A) . Blockade of the maintenance part of L-LTP with application of proteasome inhibitors suggested, however, that proteasome inhibition might hinder transcription required for the maintenance of L-LTP. If this is the case, the time window of sensitivity to proteasome inhibition might be similar to sensitivity of L-LTP to transcription inhibi- tors. L-LTP can be inhibited by transcription inhibitors only during the first 2 h after the initiation of L-LTP (Nguyen et al. 1994) . To test the time window, we used another proteasome inhibitor lactacystin (lactacystin is the precursor of ␤-lactone and has the same mode of action on the proteasome, but costs considerably less than ␤-lactone). When the data were analyzed by two-way ANOVA, (repeated measures) with lactacystin treatment and time as factors, we observed significant differences for both lactacystin treatment and time, and interaction between them (treatment, F (1,14) = 4.736; P < 0.05; time, F (1,14) = 30.639; P < 0.001; interaction F (1,14) = 11.927; P < 0.01). Lactacystin enhances Ep-L-LTP and inhibits the maintenance of L-LTP similar to ␤-lactone (at 30 min: lactacystin, 227 ‫ע‬ 11%; control, 168 ‫ע‬ 10%; n = 5; P < 0.01; at 3 h, lactacystin, 118 ‫ע‬ 8%; control, 146 ‫ע‬ 10; n = 5; P < 0.05) (Fig. 5B) . Also, lactacystin does not affect basal synaptic transmission (Fig. 5C ). Then we applied lactacystin to the bath 2 h after the start of L-LTP protocol. Application of lactacystin did not inhibit the maintenance of L-LTP if applied 2 h after the initiation of L-LTP (lactacystin: 158 ‫ע‬ 6%; control: 148 ‫ע‬ 9% at 1 h after application; n = 6; no significant difference [P = 0.34]; and lactacystin: 142 ‫ע‬ 5%; control: 146 ‫ע‬ 10% at 2 h after application; n = 6; P = 0.62) (Fig. 5D ). These data suggest the possibility that proteasome inhibition blocks the maintenance of L-LTP by impeding transcription.
Inhibition of proteasome blocks transcription of a CREB-inducible gene BDNF
Our results indicated that proteasome inhibition is likely to inhibit the maintenance of L-LTP by blocking transcription. Some studies have shown a link between hippocampal L-LTP and gene For testing the effect on L-LTP maintenance, we needed to use another proteasome inhibitor lactacystin. To ascertain that lactacystin has a similar effect on L-LTP compared with that of ␤-lactone, we preincubated the slices with lactacystin (25 µM) and induced L-LTP. Lactacystin also significantly (P < 0.01) enhanced Ep-L-LTP, albeit to a slightly lesser extent than ␤-lactone. Overall, the effect of lactacystin was the same as that of ␤-lactone: At 30 min, Ep-L-LTP was significantly (P < 0.01) higher compared with control L-LTP; lactacystin-enhanced Ep-L-LTP decayed between 2 and 3 h, and at 3 h was significantly less (P < 0.05) than L-LTP in control slices. expression mediated by the transcription factor cAMP-responsive element binding protein (CREB) (Impey et al. 1996; Moore et al. 1996; Barco et al. 2002 ). Therefore, we tested the effect of proteasome inhibition on transcription of BDNF (brain-derived neurotrophic factor) gene which contains cAMP-responsive elements (CREs) in its promoter sequence. Previous studies have shown that BDNF is a CREB-inducible gene (Tao et al. 1998) . Furthermore, BDNF is rapidly induced during learning (Hall et al. 2000) and is necessary for the maintenance of L-LTP (Barco et al. 2005) . Thus, BDNF is an excellent candidate gene to test the effect of proteasome inhibition on CREB-mediated transcription.
We tested the effect of proteasome inhibition on BDNF induction using TBP to induce L-LTP. TBP has been shown to reliably induce BDNF mRNA (Lee et al. 2005) . We found that BDNF was significantly (P < 0.01) induced by TBP in untreated slices and induction was inhibited (P < 0.01) when L-LTP was induced after ␤-lactone treatment (intensity units of BDNF RT-PCR product: control, 43.5 ‫ע‬ 3.2; L-LTP, 68.3 ‫ע‬ 5.6; ␤-lactone + L-LTP, 49.5 ‫ע‬ 3.5, n = 4) (Fig. 6A,B) .
Molecular studies after electrical stimulation of slices tend to be labor intensive and time consuming. Electrical stimulation modifies only a subset of the synapses, and therefore, detecting a molecular change may be difficult at times because of the background of unchanged synapses. Since chemical LTP (cLTP) modifies a large proportion (if not all) of the synapses, we can readily and routinely detect molecular changes with this method. cLTP induced by cAMP analogs or reagents that stimulate cAMP production is similar to electrically induced L-LTP (Frey et al. 1993; Makhinson et al. 1999; Otmakhov et al. 2004) . We ascertained that our cLTP protocol induces LTP (extent of LTP at 60 min, 181 ‫ע‬ 10%, P < 0.01; at 120 min, 145 ‫ע‬ 9.5%, P < 0.01; at 180 min, 138 ‫ע‬ 8.2%, P < 0.01; n = 7) (Fig. 6C) . We induced cLTP (see Materials and Methods) with or without ␤-lactone (25 µM) pretreatment and assessed the extent of BDNF mRNA induction using semiquantitative RT-PCR. We observed the induction of BDNF mRNA with cLTP and inhibition of induction in the presence of ␤-lactone (Fig. 6D) . We quantified the induction of BDNF mRNA and inhibition of the induction using quantitative realtime PCR. BDNF mRNA was significantly induced (3.8 ‫ע‬ 0.61-fold relative to controls. P < 0.001; n = 4) with cLTP. The amount of BDNF mRNA was reduced significantly (46.5 ‫ע‬ 4.5% inhibition relative to cLTP; P < 0.01; n = 4) but not completely in hippocampal slices treated with ␤-lactone prior to the induction of cLTP compared with slices that underwent cLTP induction without ␤-lactone treatment (Fig. 6F) . Complete inhibition of BDNF mRNA induction likely requires a higher concentration of ␤-lactone. Treatment of control slices with ␤-lactone did not have any effect on BDNF expression (Fig. 6E,G) .
Degradation of a CREB repressor ATF4 during cLTP induction and stabilization of ATF4 by the proteasome inhibitor ␤-lactone
We hypothesized that inhibition of the late maintenance part of L-LTP is caused by blockade of degradation of a transcription repressor that blocks CREBmediated gene expression. This hypothesis is based on our observation that in Aplysia, a CREB repressor is a substrate for the ubiquitin-proteasome pathway (Upadhya et al. 2004) . A CREB repressor that is known to block L-LTP is ATF4 (activating transcription factor 4, which despite its name, is a repressor; it is also called CREB2) (Chen et al. 2003) . Also, ATF4 is known to be degraded by the ubiquitin-proteasome pathway (Lassot et al. 2001 ).
We induced cLTP and prepared extracts of hippocampal slices and immunoblotted the extracts with anti-ATF4 antibody. We observed that 15 min after initiation of cLTP protocol, the quantity of ATF4 began to diminish and maximum decrease in ATF4 immunoreactivity was observed at 30 min relative to controls (at 30 min: 56 ‫ע‬ 2.2% of ATF4 was degraded relative to control [100%]; P < 0.001; n = 9) (Fig. 7A) . To test whether this decrease is a result of proteasomemediated degradation, we carried out the same experiment by incubating the slices with ␤-lactone. With ␤-lactone incubation, ATF4 immunoreactivity was significantly higher, indicating stabilization of ATF4 because of proteasome inhibition (ATF4 amount with cLTP + ␤-lactone was 180 ‫ע‬ 19% relative to ATF4 amount with cLTP alone; P < 0.001; n = 6) (Fig. 7A,C) . ␤-lactone by itself does not affect ATF4 protein levels in control slices (Fig. 7B,D) . In addition, we observed an increase in ATF4-ubiquitin conjugates during cLTP. Consistent with our observation on ATF4 degradation, we found that the amount of ATF4-ubiquitin conjugates was maximal at 30 min and began to decrease by 45 min. at 30 min, quantity of ATF4-ubiquitin conjugates was significantly higher compared with the amount in control slices (2.09 ‫ע‬ 0.18-fold relative to controls; P < 0.001; n = 5) (Fig. 7E,F) .
Extent of reversal of L-LTP inhibition with anisomycin application after ␤-lactone treatment depends on the L-LTP induction protocol
Others have observed that when proteasome inhibitors and protein synthesis inhibitors are used simultaneously, L-LTP maintenance is not inhibited (Fonseca et al. 2006b ). Our results show that when protein synthesis inhibitor anisomycin was applied prior to proteasome inhibition, enhancement of Ep-L-LTP was prevented and the later part of L-LTP was also blocked, consistent with the idea of protein synthesis requirement for Ep-L-LTP en- has no significant effect on ATF4 immunoreactivity. (C) Quantification of ATF4 degradation and inhibition of degradation by ␤-lactone. ATF4 quantity was significantly (**P < 0.001; n = 9; one-way ANOVA) diminished 30 min after initiation of cLTP protocol and the protein was significantly (**P < 0.001; n = 6; one-way ANOVA) stabilized when the cLTP protocol was carried out in the presence of ␤-lactone. (D) Quantification of ATF4 amounts (normalized to enolase) in untreated and ␤-lactone (c) slices reveals no significant difference [control: 0.24 ‫ע‬ 0.0025 OD units; ␤-lactone (c): 0.24 ‫ע‬ 0.0028 OD units; P = 0.537; n = 4; t-test]. (E) ATF4 ubiquitination is increased during cLTP. ATF4 was immunoprecipitated (IP) from extracts of hippocampal slices with or without cLTP treatment and the immunoprecipitated material was analyzed by Western Blot (WB) with antiubiquitin antibodies (left). The blot was stripped and reprobed with anti-ATF4 antibodies (right). IgG band which shows because of reactivity to the secondary antibody is indicated. The high molecular weight components show both ubiquitin and ATF4 immunoreactivity, and therefore are ATF4-ubiquitin (Ub) conjugates. The ATF4-Ub conjugates are increased in the cLTP samples at 30 min and begin to decrease at 45 min. (F) Quantification of ATF4-ubiquitin conjugates (at 30-min time point) by densitometry shows about twofold increase (2.09 ‫ע‬ 0.18-fold relative to controls; **P < 0.001; n = 5; t-test) in the amount of ATF4-ubiquitin conjugates in the cLTP samples. Fig. 3 ). We think that the inhibition of the late part of L-LTP is because of build up of translation repressors. If this idea is correct, then preventing the accumulation of translation repressors with anisomycin treatment might rescue the late part of L-LTP. Therefore, we first treated the slices with ␤-lactone and then with anisomycin. We found that with 4-train protocol (4 ‫ן‬ 100 Hz), L-LTP maintenance was completely recovered (at 3 h, ␤-lactone: 105 ‫ע‬ 3.4%; control: 143 ‫ע‬ 2.8% P < 0.001, n = 7; ␤-lactone + anisomycin: 156 ‫ע‬ 5%, P = 0.319 compared with control, P < 0.001 compared with ␤-lactone alone; n = 6) (Fig. 8A) . In contrast, when L-LTP was induced with theta-burst protocol, we observed only partial recovery (at 3 h, ␤-lactone: 104 ‫ע‬ 4.2%; control: 161 ‫ע‬ 4.1% P < 0.001, n = 6; ␤-lactone + anisomycin: 129 ‫ע‬ 9.7% P < 0.01 compared with control, P < 0.05 compared with ␤-lactone alone; n = 6) (Fig. 8B) .
Discussion
A role for the ubiquitin-proteasome pathway in synaptic plasticity has been shown in several model systems (Hegde and DiAntonio 2002; Murphey and Godenschwege 2002; Hegde 2004 ). The precise understanding of how this pathway contributes to alteration of synapses has been lacking. The gap in knowledge is especially evident with respect to the spatial and temporal functions of proteolysis in synaptic plasticity. Our studies have uncovered distinct temporal roles for the proteasome during the induction and the maintenance of L-LTP. Furthermore, our results hint at the possibility of disparate spatial roles for the proteasome during different phases of L-LTP.
Proteasome constrains the early induction part of L-LTP
Our studies have uncovered a novel role for the proteasome in L-LTP. The results show that proteasome inhibits the induction of L-LTP, as evidenced by a significant increase in the extent of L-LTP when slices are preincubated with proteasome inhibitors.
What might be the mechanism by which the proteasome constrains L-LTP? A likely possibility is that the proteasome limits the amount of newly synthesized proteins that can be utilized for plasticity. This notion is supported by our results showing that prior incubation of slices with anisomycin eliminates the effect of the proteasome inhibitor ␤-lactone. A major site of proteasome action in constraining the induction of L-LTP is probably in dendrites. In support of this idea, preincubation with rapamycin, which is known to inhibit translation of a subset of mRNAs (Jefferies et al. 1994; Terada et al. 1994) , inhibits ␤-lactone-mediated enhancement of L-LTP. Local translation of rapamycin-sensitive mRNAs in dendrites plays a key role in the induction of L-LTP (Kelleher et al. 2004b; Sutton and Schuman 2006) . Moreover, our experiments with isolated dendrites provide direct evidence for a role of the proteasome in stabilizing the proteins translated from pre-existing mRNAs in dendrites. How might proteasome inhibition enhance Ep-L-LTP? It is likely that in the initial stages, inhibition of proteasome activity stabilizes proteins that are positive regulators of plasticity. Substrates could include glutamate receptor subunits, aurora kinase, and postsynaptic density (PSD) proteins (Shank, GKAP, and AKAP79/150). GluR1 is synthesized in dendrites in an activity-dependent manner (Nayak et al. 1998) and Caenorhabditis elegans glutamate receptor GLR1 is a substrate for ubiquitination (Juo and Kaplan 2004) . Degradation of the GluR1 subunits by the proteasome (Patrick et al. 2003) could limit the extent of synaptic transmission; therefore, blocking proteasome activity should increase synaptic strength through stabilization of GluR1. Aurora kinase phosphorylates CPEB (cytoplasmic polyadenylation elementbinding protein), which in turn is critical for translating CPE (cytoplasmic polyadenylation element) containing dendritic mRNAs such as that of CaM kinase II␣. Aurora kinase is known to be a substrate for the ubiquitin-proteasome pathway (Huang et al. 2002) . Previous studies have found that stimulation of neuronal activity by incubation with bicuculine enhances the degradation of the PSD proteins and a proteasome inhibition stabilizes the proteins (Ehlers 2003) . In addition to the substrates mentioned above, proteasome inhibition could stabilize components of the rapamycin signaling pathway, thus indirectly contributing to the increase in translation of proteins from preexisting mRNAs. For example, translation initiation factor eIF4E is known to be degraded by the ubiquitin-proteasome pathway (Murata and Shimotohno 2006) .
The mechanisms underlying enhancement of Ep-L-LTP by proteasome inhibition may be different from those underlying proteasome inhibition-mediated enhancement of E-LTP. Although E-LTP requires protein synthesis when higher test frequencies of basal test stimulation are used (Fonseca et al. 2006a) , we found that ␤-lactone-mediated enhancement of E-LTP did not depend on protein synthesis under our experimental conditions. Thus, the increase in E-LTP in our experiments might have resulted from stabilization of pre-existing proteins.
Our results suggest that proteasome inhibition leads to postsynaptic changes such as stabilization of newly synthesized proteins in dendrites. It is possible that proteasome inhibition causes presynaptic changes in the hippocampus such as modulation of transmitter release (Schulz et al. 1994; Isaac et al. 1996) , although a recent study of cultured hippocampal neurons showed that proteasome inhibition caused an increase in the size of the recycling pool of synaptic vesicles without any effect on transmitter release probability (Willeumier et al. 2006) . Detailed investiga- Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from tions would be necessary to ascertain the extent of any presynaptic changes caused by proteasome inhibition in the hippocampus.
Proteasome facilitates the late maintenance part of L-LTP
Our data indicate that the proteasome plays a facilitatory role in the maintenance part of L-LTP. How might the proteasome facilitate the maintenance of L-LTP? One possible mechanism is through the positive regulatory role of the proteasome in transcription. Two lines of evidence support this idea. First, application of a proteasome inhibitor after the critical time window required for transcription did not inhibit the maintenance of L-LTP. Second, proteasome inhibition blocks transcription of BDNF, a CREB-regulated gene that is critical for the maintenance of L-LTP (Barco et al. 2005) .
We think that there are at least two mechanisms by which proteasome inhibition can disrupt the maintenance of L-LTP. One is by preventing the degradation of transcription repressors. The other is by hindering late stages of translation in both dendrites and the cell body by stabilizing translation repressors.
How does inhibition of the proteasome block transcription? Our data show that a CREB repressor ATF4 is degraded during the induction of L-LTP, and ATF4 degradation is inhibited by proteasome inhibitor ␤-lactone. Therefore, it is likely that the proteasome aids in transcription by degrading the CREB repressor ATF4. Although we cannot rule out the possibility that the decrease in ATF4 during L-LTP induction resulted from its reduced translation (for example, stabilization of a phosphatase that negatively regulates eIF2␣ phosphorylation, which increases ATF4 translation) (Costa-Mattioli et al. 2005 , 2007 , we believe that ATF4 degradation is likely to play a role in decreasing its amounts, because we observed an increase in ATF4 ubiquitination during cLTP. Although it remains to be proven, inhibition of ATF4 degradation might block transcription and the maintenance of L-LTP.
Proteasome inhibition might also block degradation of other negative regulators of transcription. Alternative explanations for blockade of the maintenance of L-LTP by proteasome inhibition are plausible, however. For example, proteasome inhibition at dendrites caused by preincubation of the slices with ␤-lactone blocks signaling to the nucleus for initiation of transcription through CREB phosphorylation. Pretreatment of cultured cortical neurons for 24-48 h with a proteasome inhibitor caused a blockade of NMDA receptor coupling to CREB, as indicated by a decrease in CREB phosphorylation upon NMDA receptor stimulation. It has been suggested that the ubiquitinproteasome pathway plays a role in activity-dependent remodeling of the postsynaptic density and signaling to the nucleus (Ehlers 2003) . It is also possible that proteasome has a direct role in transcription required for the maintenance of L-LTP.
Our results suggest that proteasome inhibition also prevents L-LTP maintenance by inhibiting translation. A translation repressor called Paip2 is known to be regulated by ubiquitinproteasome-mediated proteolysis (Yoshida et al. 2006) . Also, in primary neuronal cultures proteasome inhibition has been shown to impair protein synthesis . Although, initially, proteasome inhibition can stabilize the newly translated proteins and enhance L-LTP induction, blockade of the proteasome could lead to a build-up of repressors that block translation in dendrites at about the end of the L-LTP induction phase, thus causing failure of L-LTP maintenance. Translation repressors could also accumulate in the cell body and inhibit cell-wide translation as well. Stabilization of translation repressor could be an important factor because our results showed L-LTP decay in the isolated dendrites. This argument is consistent with a previous report that showed that L-LTP can be induced and maintained in isolated dendrites (Vickers et al. 2005) . The dendritic L-LTP observed by Vickers et al. was sensitive to translation inhibition.
Comparison of the present investigations with other studies
Although two previous studies have tested proteasome inhibition on LTP, they failed to discover enhancement of early L-LTP. One study on rat hippocampal slices reported inhibition of both early and late phases of LTP (Karpova et al. 2006) . This study used a reagent called MG132 for inhibition of the proteasome. MG132 is not a highly specific proteasome inhibitor. MG132 has been known to strongly inhibit other proteases such as calpain and cathepsin B (Chain et al. 1999; Tang and Leppla 1999) . Because calpain inhibition is known to block LTP (del Cerro et al. 1990; Denny et al. 1990 ), the results of experiments that just use MG132 are not strictly attributable to proteasome inhibition. The major conclusion of this study was that "LTP induction not only leads to a rapid increase in the rate of protein synthesis but also accelerates protein degradation via the proteasome system." Unlike this study, we have discovered a new effect of proteasome inhibition i.e., enhancement of Ep-L-LTP. Also, our detailed electrophysiological and molecular studies provide mechanistic explanations for the roles of proteasome during L-LTP. More importantly, our results show differential local roles for the proteasome during LTP, the induction and the maintenance, which provides a novel insight into the function of the proteasome in synaptic plasticity.
Another study reported the disruptive effect of proteasome inhibition on L-LTP maintenance in rat hippocampal slices without any effect on the induction phase of L-LTP (Fonseca et al. 2006b ). We think the main reason that the investigators of the study failed to discover the enhancement of the early phase of L-LTP with proteasome inhibition is because they used nanomolar concentrations of lactacystin and epoxomycin. Numerous studies, including the one cited in the above-mentioned study (Dick et al. 1996) , have established that micromolar concentration of lactacystin is required for efficient proteasome inhibition. All three catalytic activities of the proteasome are inhibited only with 100 µM lactacystin or 50 µM ␤-lactone (Fenteany et al. 1995) . Also, studies of proteasome substrates in neurons and other cell types have used 10-20 µM lactacystin (Ehlers 2003; Zhao et al. 2003) , and studies on isolated nervous tissue have used 50 µM lactacystin (Naidoo et al. 1999) . Therefore, with nanomolar lactacystin, proteasome inhibition is not adequate to stabilize the positive regulators of L-LTP. In support of this idea, these authors report only a small inhibition (48%) of the proteasome as measured by accumulation of protein-ubiquitin conjugates. The low degree of inhibition they observed was after 2 h incubation with the inhibitor, and therefore, during tetanization proteasome inhibition was likely to be even smaller. In contrast, we observed robust proteasome inhibition using the same incubation conditions that we use for our electrophysiological experiments (see Fig. 1B-D) . Also, we have observed that synaptic proteasome has much higher activity (Upadhya et al. 2006 ) compared with other neuronal compartments. Hence, it is unlikely that Fonseca et al. (2006b) achieved any significant stabilization of positive regulators of L-LTP. In our studies, significant enhancement of Ep-L-LTP was observed only with 10 µM or higher concentrations of ␤-lactone (see Fig. 2A ). With respect to the effect of proteasome inhibition on L-LTP maintenance, it is likely that because of low concentrations of the proteasome inhibitors, the decay of L-LTP in the Fonseca et al. (2006b) study is gradual and the extent of inhibition of L-LTP maintenance is smaller than that observed in our study. Moreover, Fonseca et al. (2006b) used a protocol for L-LTP induction (100 Hz for 1 sec, test frequency 0.1 Hz) different from the standard L-LTP protocols (Nguyen et al. 1994; Nguyen and Kandel 1997; Kelleher et al. 2004a) . It is not clear whether L-LTP induced by the protocol used by Fonseca et al. (2006b) requires transcription. Our investigations, in contrast, showed a deleterious effect of proteasome inhibition on L-LTP maintenance using L-LTP induction protocols that have been shown to depend on transcription (thetaburst protocol; cLTP with cAMP elevating reagents) (Frey et al. 1993; Nguyen and Kandel 1997) . We also provide molecular evidence showing inhibition of a CREB-inducible gene BDNF with proteasome inhibition. Also, our observation on the CREB repressor ATF4 suggests a possible mechanistic explanation for blockade of L-LTP maintenance by proteasome inhibition.
In conclusion, our results provide evidence for different roles for the proteasome during the induction and the maintenance of L-LTP. Local ubiquitin-proteasome-mediated degradation may have broad implications for synaptic plasticity under physiological conditions, as well as synaptic dysfunction in many neurodegenerative diseases (Gong et al. 2006) with which abnormal proteolysis is associated.
Materials and Methods

Animals
Mice were obtained from Charles River and used for experiments using a protocol approved by the Institutional Animal Care and Use Committee of Wake Forest University Health Sciences.
Extracellular recording
Transverse hippocampal sections (400 µm) from 6-to 12-wk-old C57/BL6 male mice were prepared using a tissue chopper in an oxygenated and chilled artificial cerebrospinal fluid (ACSF) containing 125 mM NaCl, 3 mM KCl, 2.3 mM CaCl 2 , 1.3 mM MgCl 2, 25 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , and 10 mM glucose (pH 7.4). The slices were submerged at 32°C and superfused with ACSF (1.5 mL/min) (Costa-Mattioli et al. 2005) . All recordings were obtained from slices maintained at 32°C. For recording of field excitatory postsynaptic potential (fEPSP), in the CA1 region of the hippocampus, a bipolar stimulating electrode was used to stimulate the Schaeffer collateral pathway while recording in the stratum radiatum. The stimulation intensity was adjusted to give ∼35% of the maximal fEPSP slope, and the baseline responses were recorded at this intensity. L-LTP was induced by giving four 100 Hz trains spaced 5 min apart. E-LTP was induced by giving two 100 Hz trains 20 sec apart (Kelleher et al. 2004a ). Theta-burst protocol to induce L-LTP was carried out as described by Lee et al. (2005) . The stimulation protocol consisted of four pulses at 100 Hz, with bursts repeated at 5 Hz, and each tetanus including three 10-burst trains separated by 30 sec. The same stimulus was repeated after 5 min (Lee et al. 2005) . The extent of LTP was expressed as percent increase relative to baseline in the fEPSP slope at different time points as stated in the figure legends. For experiments with the proteasome inhibitors ␤-lactone and epoxomycin, after recovery the slices were preincubated with the reagents in oxygenated ACSF for 30 min. Inhibition of the proteasome by ␤-lactone and epoxomycin is irreversible, and therefore the inhibitory effect of these drugs cannot be washed out.
Whole-cell recording
Pyramidal cells in the CA1 region were recorded in the whole-cell mode using patch pipettes pulled from 1.5 mm borosilicate glass (5-6 M⍀ resistance). The microscope was equipped with infrared differential interference optics that allowed visualization of pyramidal neurons. The patch pipettes were filled with: 120 mM potassium gluconate, 25 mM HEPES, 10 mM NaCl, 5 mM MgCl 2 , 5 mM K-ATP, 0.3 mM Na-GTP, 0.2 mM EGTA, and 2 mM phosphocreatine, and 10 U/mL creatine phosphokinase (pH 7.35). The osmolarity of the electrode solution was balanced to 294-298 mOsm with 1 M potassium gluconate. Whole-cell EPSCs in the pyramidal neurons were evoked by stimulating the Schaffer collateral pathway. Stimulation intensity was adjusted to 40% of maximal evoked amplitudes (test intensity). EPSCs were evoked at a stimulation rate of 0.033 Hz. Baseline was recorded for 20 min at the test intensity. L-LTP was induced by switching to current-clamp mode and delivering four 1-sec,100-Hz trains at a 5-min intertrain interval as described previously .
L-LTP in isolated dendrites
We separated the dendrites by means of a surgical cut to the slice that has been shown to be effective (Frey and Morris 1997; Cracco et al. 2005) . We placed the hippocampal slices in ice-cold ACSF containing sucrose instead of NaCl, and MgCl 2 instead of CaCl 2 (replacement chemicals were of same molarity), and made a cut below the cell body layer of CA1 region. The slices were then placed in normal ACSF and allowed to recover for 2 h before the experiment. L-LTP was induced as described previously (Vickers et al. 2005) .
Chemical LTP (cLTP) protocol
We used cAMP elevating reagents forskolin and rolipram to chemically induce L-LTP (referred to all through the text as cLTP) for our molecular experiments. After recovery of the slices for 2 h, we transferred them to 0Mg 2+ ACSF containing NMDA (200 nM final) for 10 min. We then transferred the slices to 0Mg 2+ ACSF containing forskolin (50 µM final) + rolipram (0.1 µM final) and incubated for 15 min and then transferred to normal ACSF (Otmakhov et al. 2004 ).
Semiquantitative RT-PCR
RT-PCR with increasing concentrations of cDNA and varying PCR cycle numbers was carried out to determine the linear range of amplification. The mid point of the linear range of the PCR amplification was used for subsequent RT-PCR experiments (Pernas-Alonso et al. 1999; Spencer and Christensen 1999) . The PCR cycling conditions were: 94°C for 15 sec, 58°C for 30 sec, and 72°C for 2 min. The PCR products were analyzed by agarose gel electrophoresis, followed by staining with ethidium bromide. The PCR products were quantified by densitometry with Quantity One software (Bio-Rad Laboratories). Relative expression of the BDNF gene was determined by normalizing the expression values to the amounts of 18S rRNA.
Quantification of BDNF mRNA by real-time PCR
After cLTP induction, total RNA was isolated from the mouse hippocampal slices and cDNA was prepared with random hexamers and StrataScript reverse Transcriptase (Stratagene) as per manufacturer's instructions. Expression of mRNA was measured by quantitative real-time PCR (ABI Prism 7700; Applied Biosystems) by using QuantiTect SYBR Green master mix (Qiagen, Inc.) and the primers 5Ј-GAAGGTTCGGCCCAACGA-3Ј (sense) and 5Ј-CCAGCAGAAAGAGTAGAGGAGGC-3Ј (antisense) specific for the BDNF coding region. These primers have been successfully used previously for quantification of BDNF mRNA in the CA1 region of the hippocampus (Barco et al. 2005) . Genomic DNA contamination was ruled out by running PCR with RNA alone and by running PCR without cDNA template. Primer dimer formation was ruled out by checking the PCR product by running an agarose gel electrophoresis. Each independent sample was assayed in triplicate. The fluorescence signal from the SYBR Green dye was analyzed by using the ABI prism SDS software. Relative quantification of gene expression was performed using the comparative threshold (C T ) method as described by the manufacturer (Applied Biosystems; User Bulletin 2) (Giulietti et al. 2001) . Changes in BDNF mRNA expression level were calculated after normalization to 18S rRNA. The primers for 18S rRNA were 5Ј-C G A A A G T C G G A G G T T C G A A G A C -3 Ј ( s e n s e ) a n d 5 Ј -GGTGGTGCCCTTCCGTCAATT-3Ј (antisense). The ratios obtained after normalization are expressed as fold induction over corresponding control slices.
Immunoblots and immunoprecipitation
After the cLTP experiments, hippocampal slices were frozen immediately and homogenized in lysis buffer containing Tris-HCl buffer (50 mM, pH 8.0) containing NaCl (150 mM), sodium deoxycholate (0.5%, w/v), NP40 (1%, v/v), dithiothreitol (50 mM), and protease inhibitor cocktail (Sigma) and were mixed with SDS-PAGE sample buffer and boiled for 4 min. The samples were then incubated with benzonase nuclease (EMD Biosciences: 30 U/100 µL lysate) for 20 min at room temperature to digest the genomic DNA. Residual tissue fragments were removed by centrifugation and the supernatant was loaded on to 10% SDSpolyacrylamide gel and transferred to nitrocellulose membrane. ATF4 was detected by immunoblotting with anti-ATF4 antibody (Santa Cruz Biotechnologies, Inc.) and the same blot was stripped and reprobed with anti-enolase antibody (Santa Cruz) for verification of protein loading. We quantified ATF4 immunoreactivity by using densitometry on a Bio-Rad gel documentation system (Gel Doc 2000).
ATF4 was immunoprecipitated using anti-ATF4 antibody using Protein-A agarose beads by standard procedures (Harlow and Lane 1999) . To test for ATF4-ubiquitin conjugates, the immunoprecipitated material was blotted and probed first with antiubiquitin antibody, then stripped, and reprobed with anti-ATF4 antibody.
Proteasome activity assay
The major catalytic activity (chymotrypsin-like activity) of the proteasome was measured using a fluoregenic substrate peptide N-succinyl-Leu-Leu-Val-Tyr-7-amino 4-methyl coumarin as described previously (Upadhya et al. 2006) . Extracts from untreated slices or slices pretreated with ␤-lactone (for 30 min) were used for proteasome activity measurements. Prevention of proteasome-mediated degradation should lead to accumulation of proteins conjugated with ubiquitin. Therefore, as an independent measure of proteasome inhibition by ␤-lactone, ubiquitinprotein conjugates were assayed using immunoblots with an anti-ubiquitin antibody that preferentially recognizes ubiquitinated proteins (Biomol). Ubiquitin-protein conjugates were quantified by densitometry using Quantity One 1-D Analysis Software (Bio-Rad). We measured the total intensity of all the pixels in the area of the lanes containing the ubiquitin conjugates and then divided the intensity by the area. We used average density (OD units) per unit area (square millimeters) for comparison between samples.
Data analysis
Data were analyzed by using two-way ANOVA (repeated measures) followed by a post-hoc Tukey test (pairwise multiple comparison procedures), while comparing multiple groups for treatment effect at different time points. Otherwise, multiple groups were compared by using one-way ANOVA followed by a post-hoc Tukey test (pairwise multiple comparison). For comparison between two groups, Student's t-test was used. The values are expressed as mean ‫ע‬ standard error.
